Animal studies 1, 2 have spawned great interest in using microglial inhibitors such as minocycline to treat pain in humans. However, these studies were conducted largely on male rodents. Now, Sorge et al. 3 have evaluated several microglial inhibitors in nerve-injured mice of both sexes. The study-led by Jeffrey Mogil, who has championed the testing of males and females in pain studies 4 -found that microglial inhibitors did reduce allodynia, a form of pain hypersensitivity to touch, in males. Surprisingly, however, these inhibitors were ineffective in female mice, despite a robust activation of spinal microglia (Fig. 1) . The authors instead found that cells of the adaptive immune system promote pain hypersensitivity in females. Although focused on pain, these findings could have implications for other neurological disorders that disproportionately affect one sex, such as autism and neurodegeneration, and in which microglia and immune cells are implicated 5, 6 .
Chronic pain is a highly prevalent condition and occurs more often in women 4 . Pain-related symptoms in males and females, including pain sensitivity, response to analgesic therapies and risk for opioid-induced hyperalgesia, also differ 4, 7 . However, male mice are frequently used to represent both sexes in pain research. As part of previous efforts to characterize pain processing in both sexes, Mogil's group found that pain resulting from inflammation or nerve injury depends on spinal Toll-like receptor 4 (TLR4) in male, but not female, mice 8 . In the current study, the authors sought to better understand the mechanistic basis for this sex-specific effect by examining microglia, the spinal cell type that expresses TLR4.
As expected, Sorge et al. 3 found equivalent levels of microglial activation in the spinal cords of male and female mice in response to peripheral nerve injury, accompanied by similar levels of allodynia. The surprise came when they interrupted spinal microglial activity, either pharmacologically or genetically, and found that these interventions relieved allodynia in male mice only. This sex-specific response depended on testosterone levels, as minocycline did not relieve allodynia in castrated males, but did relieve allodynia in testosterone-treated females. Sorge et al. n e w s a n d v i e w s also examined microglial gene expression. The only sex-specific difference that they observed was in expression of the purinergic receptor P2RX4: it was upregulated only in nerve-injured male mice (Fig. 1) . Following neuropathic injury, the spinal cord becomes infiltrated with adaptive immune cells, including T cells, which are implicated in mechanical allodynia 9 . Sorge et al. 3 found that, relative to males, female mice had higher basal numbers of T cells in the blood and increased T cell marker expression in the spinal cord after injury. These data hinted that T cells might promote allodynia in females, as microglia do in males.
To examine the role of the adaptive immune cells in pain hypersensitivity more directly, the authors studied T cell-deficient mice of both sexes and found they developed allodynia equivalent to that of their wild-type counterparts. Remarkably, minocycline relieved allodynia in T cell-deficient females, but was not effective in these females when the T cell population was restored through transplantation. These findings thus indicate that allodynia is established in females by T cells. However, in the absence of T cells or when testosterone levels are elevated, pain hypersensitivity can be established in females by the microglia-based system. Determining precisely how these two cell types interact and promote pain hypersensitivity differentially in each sex will require further research. Sorge et al. 3 have at least made it clear that testosterone influences this sex difference.
To dissect testosterone's role in regulating the balance between the T cell and microglia mechanisms, Sorge et al. 3 examined the contribution of peroxisome proliferator activated receptors (PPARs), as previous work has indicated that testosterone upregulates PPARα and downregulates PPARγ in T cells 10 . PPARs are nuclear receptors that negatively regulate production of pro-inflammatory mediators. Sorge et al. 3 found that a PPARα agonist relieved allodynia in males, but not females, whereas a PPARγ agonist relieved allodynia in females, but not males (Fig. 1) . As was the case with minocycline, responsiveness to these agonists was reversed by altering testosterone levels.
Doctors are not likely to give their female chronic pain patients testosterone supplements to enable minocycline responsiveness. Thus, a better understanding of all the factors that mediate minocycline's efficacy may be important for improving its clinical use. Assuming that these sex differences found in rodents apply to humans, this T cell-dependent mechanism in female mice could provide new cellular and molecular clues as to why women are at greater risk for chronic pain. For example, rheumatoid arthritis, which features inflammation, pain and hyperactive T cells, is also more prevalent in women 11 . The higher levels of circulating T cells in women 12 may make them more susceptible to developing disorders that result from increased T cell activity. And, given the molecular differences between T cells in male and female mice (Fig. 1) , T cells in females might be more sensitive to chemicals that are released following tissue injury.
The pain field was excited about the prospects of using microglial inhibitors to treat pain in humans until recent clinical trials with minocycline failed to show efficacy in patients with neuropathic or persistent pain 13, 14 . These trials lumped males and females together when evaluating outcomes. The work by Sorge et al. 3 reveals the importance of evaluating pain outcomes separately in males and females. This message is timely given the ongoing clinical trials with minocycline in patients with pain and other neurological disorders. These new findings may reinvigorate interest in microglia-targeted approaches.
Given the pharmaceutical industry's quest for blockbuster drugs that work broadly on pain in all people, this study also highlights limitations to a one-sex-fits-all drug development model. Indeed, future 'precision pain medicines' may need to account for whether the patient does or does not have a Y chromosome. Lastly, it is important to note that microglia and immune cells have been implicated in other neurological diseases, many of which disproportionately affect one sex over the other. These include Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis and autism. In time, the study by Sorge et al. 3 could have ramifications that extend well beyond pain, possibly foreshadowing sex-specific pathologies and responsiveness to therapies for diverse neurological disorders.
How does the brain integrate the myriad of distinct information streams that animals encounter, such as color, smell, location, context and past events, to achieve a holistic experience? Broadly speaking, this challenge, known as the binding problem, consists of two parts. First, how is information combined? Second, how is combined information stored and at what spatial scale do these processes occur? Possible solutions to the first problem vary widely and range from large populations of neurons communicating via exotic quantum entanglement 1 to more well-known mechanisms of integration and regenerative firing in the somata of individual cells or in dendritic branches [2] [3] [4] . In comparison, solutions to the second problem are more concrete, nearly always involving synaptic plasticity. When presynaptic glutamate release activating NMDA receptors occurs with npg
